The efficiency of the musculoskeletal system of broiler chickens, in particular during locomotion and in ensuring its supportive function, depends directly on the adequate function and mechanical endurance of soft tissues, including tendons. However, little is known whether the properties of musculoskeletal soft tissues can be influenced by changes of dietary protein. We substituted soybean meal with raw chickpea seeds as the primary protein source in the diet and studied the effects it had on the mechanical and thermal properties of drumstick tendons in broiler Ross 308 chickens. In the experiment, 160 chicks were divided into 2 groups, receiving in their diet either soybean meal (n = 80) or chickpea seeds (n = 80). The experiment lasted 42 days. The physical condition of the drumstick tendons was analyzed on the basis of a tensile test and the results of thermal denaturation as measured by a differential scanning calorimetry. The mechanical evaluation of tendon tensile strength of the broilers fed with chickpea seeds demonstrated an increase in the ultimate strain (for over 22%, P < 0.04) and total energy absorbed by the tendon until rupture (for over 57%, P < 0.05) as when compared to the group fed with soybean meal. Thermal analysis demonstrated alterations in tendon collagen cross-linking as transition onset temperature decreased (from 63.8 to 61.8
INTRODUCTION
Nutrition is acknowledged to be the most important driver in the welfare of livestock animals (Webster, 2009; Phillips, 2016) . In many countries, soybean meal (SBM)-a by-product of oil extraction-is used as a primary source of protein in livestock feed (Subuth et al., 2002) . However, soybean meal contains a large amount of different anti-nutritional compounds that may decrease the performance of poultry (Jamroz et al., 2004) . Non-starch polysaccharides present in SBM cannot be utilized by poultry, and enzyme supplementation is needed when the diet contains a large amount of SBM (Khattak et al., 1996) . Moreover, SBM is often derived from genetically modified varieties, and the limitations C 2017 Poultry Science Association Inc. Received March 13, 2017 . Accepted October 11, 2017 Corresponding author: siemowit.muszynski@up.lublin.pl imposed on GMO feed also have led to research on alternative protein sources. Raw soya bean seed or lupine seeds can be used as a replacement for SBM; however, their presence in diet may cause disorders in poultry's skeletal systems (Olkowski et al., 2001; Olkowski et al., 2016) . Chickpea seeds (CPS) have been reported to be a suitable replacement for SBM as the quality of chickpea protein has been described as being equivalent to that of SBM (Friedman, 1996; Christodoulou et al., 2006; Bampidis and Christodoulou, 2011) . In comparison to soybeans, chickpeas contain relatively small amounts of trypsin and chymotrypsin inhibitors (Singh, 1988; Bampidis and Christodoulou, 2011) . However chickpeas, like other grain legumes, also contain a variety of anti-nutritional factors that impair nutrient absorption and can have a detrimental effect on animal health and growth (Singh, 1988; Jamroz and Kubizna 2008; Bampidis and Christodoulou, 2011) .
For modern fast-growing strains of broiler chickens, one of the main problems associated with unbalanced 695 nutrition are disorders of the musculoskeletal system (Bach et al., 2016) . These welfare problems occur because the rate of muscle deposition for meat outruns the rate of development of the musculoskeletal system (Knowles et al., 2008) . Consequently, health problems such as bone fractures and lameness related with a number of mechanical disorders are common (Knowles et al., 2008; Nääs et al., 2009; Olkowski et al., 2016) . Further, disorders associated with problems of the tendon such as swelling, rupture, and synovitis may affect the birds' welfare through leg pains and impaired walking ability (Bradshaw et al., 2002; Foutz et al., 2007) . Therefore, increased interest in the quality of the musculoskeletal system of poultry has been observed (Iqbal et al. 2000; Moussa et al., 2007; Ruiz-Feria et al., 2014; Tomaszewska et al., 2016; Muszyński et al., 2017) . Numerous articles have illustrated that the differential scanning calorimetry (DSC) technique is a valid and efficient method for demonstrating structural changes in biological macromolecules, including supramolecular systems such as muscles and tendons (Kijowski and Mast, 1988; Kijowski, 1993; Willett et al., 2008; Wiegand et al., 2013) . To the best of our knowledge, there are no previous studies undertaken that use the application of DSC in the field of monitoring the influence of diet on the physical properties of the tissues of livestock animals.
In this study, the link between the results of mechanical tests on tendon tissues and the structural changes in tendon collagen fibers as determined by the DSC technique was analyzed. It was hypothesized that the primary source of protein in the diet may alter the tendon strength and integrity in broiler chickens. Therefore, the aim of this work was to apply a mechanical tensile test to the tendons to determine their structural and material properties and to relate these results to those from thermal analysis, as determined by the DSC technique.
MATERIALS AND METHODS

Bird Management and Experimental Design
Bird management, care, and all experimental procedures were conducted following an animal care protocol approved by the 2nd Local Ethics Committee for Animal Testing at the University of Life Sciences in Lublin, Poland. In the experiment, healthy male Ross 308 broiler chicks (one-day-old straight run, n = 160), after having been individually weighed, were randomly allocated to 2 dietary treatments: SBM (n = 80) and CPS (n = 80). Each group was divided into 4 pens (20 birds per pen). The chickens had constant access to fresh water and appropriate feed supplied ad libitum in accordance with the stage of the production cycle, as follows: starter (one to 21 d), grower (22 to 35 d), and finisher (36 to 42 d) ( Table 1) . For the SBM group, soybean meal was used as a primary protein source, while in the CPS group, raw chickpea seeds were used instead of soybean meal. The experimental diets were isonitrogenous and isoenergetic (ca. 13.0 MJ of metabolizable energy per kg of the concentrate mixture). On the 42nd d 8 birds (2 birds from 20 birds in each replicate x 4 pen replicates) from each treatment group were randomly selected, fasted for 18 h (water was allowed), weighed, and euthanized. All selected birds were clinically healthy and did not show any problems associated with movement. Moreover, a veterinarian supervising the slaughter examined the anatomy and range of physiological movement of the joints from which the tendons were taken and did not note any significant differences between the groups.
Tendon Breaking Strength
Immediately after slaughter, the flexor perforans et perforatus digiti III tendons (ranging in size from 60 to 70 mm, being one of the longest tendons in birds), were carefully dissected from the right leg (Iqbal et al., 2000) . Cleaned tendons were wrapped in a gauze soaked in distilled water and placed in a freezer bag and stored at −21
• C until required for mechanical analysis. Prior to the analysis, the tendons were thawed overnight at 7
• C. Next, proximal and distal portions of the tendons were allowed to air dry at room temperature, while the middle parts of the tendons were still wrapped in a gauze soaked in distilled water. After 20 min, tendons were attached to a double-clamp probe (grip separation 36.0 mm) mounted into the Zwick-Roell 005 universal testing machine (Zwick-Roell GmbH & Co. KG, Ulm, Germany). The tendon cross-sectional area A was calculated on unloaded tendons by measuring the thickness and diameter at the mid-point of the tendon with a laser micrometer, on the premise that their shapes are elliptical. The tensile test was performed with the test speed of 10 mm·min −1 until complete rupture of the sample occurred. From the obtained set of the loadelongation curves, the following structural properties were determined: the rupture force F, as the maximum force peak height required to break the sample; the stiffness S, as the slope of the initial, linear region of the load-elongation curve; the ultimate stress σ, as the ratio of the rupture force and the cross-sectional area; the ultimate strain ε f , as the percentage ratio of initial length (determined by the initial grip separation) and the ultimate lengthening during the tensile test; the Young elastic modulus E, as the slope of the linear region of the stress-strain curve; and the work to rupture W, as a total work done to rupture the tendon or total energy absorbed by tendon until rupture. The latter was obtained by finding the area under the force-elongation curve (Foutz et al. 2007; Giannini et al. 2008) . All traits were determined using the Origin 2016 software (OriginLab, Northampton, MA).
Thermal Transition Measurements with DSC
After the dissection, the flexor perforans et perforatus digiti III tendon samples obtained from the left leg were washed in cold distilled water and stored for longer than 48 h in a 0.9% sodium chloride solution at a temperature of 7
• C. Prior to the measurements, tendons were removed from the NaCl solution and patted dry superficially on filter paper. The specimens were then trimmed with a razor blade and put into 40 μl aluminum DSC pans and hermetically sealed to prevent loss of moisture during the measurements. The typical weights of the tendons placed in the pan were between 8 and 15 mg. DSC analysis was performed using a STAR e DSC-1 differential scanning calorimeter (Mettler-Toledo GmbH, Greifensee, Switzerland) calibrated using the indium standards. An empty pan was used as reference. Heating was carried out at a rate of
10
• C·min −1 from 20 to 90
• C under a nitrogen atmosphere (flow rate of 50 mL·min −1 ). For each endothermal peak obtained on the thermogram, the initial (onset) temperature (T on ), peak temperature at maximum heat absorption (T max ) referring to the temperature of protein denaturation, the endset temperature (T end ) referring to the end of the denaturation process, and energy absorbed by the sample during transition referring to enthalpy (ΔH) of the process were determined using a software integrated within the calorimeter. After the calorimetry, the pans were punctured and the samples were dried for 24 h in an oven at 105
• C for determination of the dry mass. The moisture content of the sample was calculated as a percentage of the initial sample weight (Miles et al., 1994; Voutila et al., 2009 ).
Statistical Analysis
The data were analyzed using Statistica 12 software (StatSoft, Inc., Tulsa, OK). The distribution of the variables was tested for normality using the Shapiro-Wilk test. A comparison between normally distributed variables was carried out using Student's t test. When variables were not normally distributed, comparisons were made using the Mann-Whitney U test. For all tests, P < 0.05 was considered statistically significant.
RESULTS
The type of diet did not have a significant effect on body mass after 42 d of the treatment. The broiler chicken carcasses weighed on average 2,320 ± 125 g in the SBM group and on average 2,404 ± 170 g in the CPS (P = 0.279).
Generally, the diet treatment had no effect on tendon structural toughness or on material toughness, as revealed by the tensile test (Table 2 ). The diet did not have a significant effect on tendon cross-sectional area A, tensile load at failure (the rupture force F), or on the tensile deformation (the ultimate strain ε f ). The stiffness S and Young modulus E measurements also did not indicate significant differences between the groups. However, tendons from the CPS group exhibited a substantially higher work required to fracture in contrast with the tendons from the SBM group (increase of 57%, P < 0.05) Moreover, the tendons from the CPS group exhibited higher ultimate stress σ than that seen with the tendon samples form the SBM chickens (increase of 23%, P < 0.005). Figure 1 shows the sample thermograms of the connective tissues obtained in DSC analysis. All of the dissected samples showed a typical single endothermic peak associated to the nonreversible denaturalization of protein. The results of the thermal analysis presented in Table 3 showed that tendon's collagen fibers were thermally less stable in the CPS group than in the SBM group, as the denaturation onset temperature T on was significantly lower (P < 0.001). The peak T max and endset T end temperatures did not differ significantly between the groups. However, lower values of denaturation enthalpy ΔH (P < 0.05) were found in the tendon tissue samples of the SBM group.
DISCUSSION
The purpose of the study was to evaluate whether there are significant alterations in the mechanical resilience of tendons and in the thermal denaturation characteristics of tendon samples obtained from broiler chickens fed with a diet of raw chickpea seeds as a primary source of protein, as compared to chickens fed with a standard diet of soybean meal.
The load-bearing capacity of the tendon depends essentially on its collagen phase. A number of studies show the essential role of collagen quality and microstructure for tendons' energy absorption capability during deformation and for their rupture endurance (Opsahl et al., 1982; Miles et al., 1994; Arnesen and Lawson, 2006; Moussa et al., 2007; Voutila et al., 2009) . Tendon strength depends mainly on largediameter fibrils and cross-linking (Bailey et al., 1998) . Therefore, it seems appropriate that the primary focus for investigation into the effects of replacing soybean meal with chickpea seeds on the physical properties of tendon should be on changes in the collagen matrix organization. The tendons from the CPS broilers exhibited significantly lower, by 2
• C, denaturation onset temperature T on . This is an interesting finding, as it was shown previously that lowered denaturation temperatures can be found in mechanically overloaded tendons, which was related to changes in the organization of the collagen bundles (Willett et al., 2008) . Another interesting result was observed in the changes of the levels of collagen denaturation energy, as significantly higher enthalpy changes were observed in the CPS group. Therefore, tendons from the CPS birds probably had morphologically more compact collagen bundles than those from birds in the SMB group, as to decompose more compact structures via thermal denaturation more energy is needed. Also, a more compact tendon is able to absorb more energy during its extension or contraction and, indeed, the tensile test revealed that tendons from the CPS group were able to absorb more energy before rupture. Increased collagen cross-linking in tendon leads to a decline in its flexibility (Arnesen and Lawson, 2006) , but it has been shown that tendon stiffness does not seem to be associated with its energy storage capacity (Buchanan and Mars, 2002) . The improvement of load resistance, indicated by the increase of the maximum allowable stress observed in the CPS group, also was observed. This would reduce the chance of micro damages, which could eventually weaken the tissue and provide opportunity for its rupture (Foutz et al., 2007) .
The lack of differences in the ultimate strain measured during a tensile test suggests that the range of movement in the limbs/joints of both groups was similar. Since the rupture force was similar, the tendons' capability to transmit forces between bone and muscle in both groups was the same. Finally, the Young modulus and the tendon cross-sectional area in the SBM or CPS groups did not show any appreciable differences. All of the above results indicate once again that the collagen cross-linking impacts the load behavior to a greater extent than the structural dimensions of the tendon.
Our results on tendon thermal properties generally lay in the range of previously published data. Drumstick tendons of 75-week-old spent layers showed peak temperature at 68.3
• C (Kijowski, 1993) . The lower peak temperature observed in our study (ca. 65 • C) is probably due to the young age of the birds used in our experiment, as the collagen denaturation temperature is higher in older individuals than in younger ones (Wiegand et al., 2013) . The broilers examined in the present study were slaughtered at the age of 42 d (6 wk), well before their puberty, which is at the age of 28 weeks. Furthermore, samples of tendons analyzed in this study were swollen after incubation in a saline solution, whereas thermal stability of collagen fibers is known to be dependent on the amount of water within its structure (Kijowski, 1989; Torres et al., 2012) . Finally, the physical and environmental conditions in the breeding of the chickens also have also influenced the tendon collagen structure and organization (Bigi et al., 1992) . The enthalpy of denaturation of tendon collagen was low in our study (16.19 and 22.08 J·g −1 for SBM and CPS, respectively) when compared to those reported in other works, which were 49.4, 54.4, and 55.6 J·g −1 for horse, sheep, and rat tendon, respectively (Miles et al., 1994; Miles and Avery, 2011) . This could be a consequence of, first, different animals used and differences in their ages, and second, from different conditions of analyses, i.e., heating rates, methods of sample preparation, and moisture content (Miles and Ghelashivli, 1999; Willett et al., 2008) .
To the best knowledge of the authors, there is no published study about the influence of the diet on the mechanical properties and thermal characteristics of tendons. The main limitation of the present study is a lack of amino acid analysis of the examined tissues. Another weak point is that the interpretation of thermal changes was not confirmed by biochemical analysis, and the distributions of collagen types or collagen cross-links were not determined. Also, the microscopic findings could support the mechanical and thermal analysis of the examined tissue samples, confirming that the content and condition of tendon collagen cross-links were different in the SBM and CPS broilers. However, we believe that these limitations should not significantly detract from our conclusions or undermine the novelty of our approach and research.
In conclusion, the current study focused specifically on the thermal and mechanical properties of tendons under the influence of changes to primary protein source in the diet, using DSC analysis and a tensile test. It has been demonstrated that protein source could have an impact on tendon physical properties. However, to fully appreciate the significance of protein source in regulating and maintaining biomechanical forces (i.e., stress-strain relationship) of tendons, additional methods and tests should be applied.
